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ABSTRACT Molybdenum-based catalysts have demon-
strated significant potential in the electrocatalytic hydrogen
evolution reaction (HER). However, the limited exposure of
active sites and strong hydrogen adsorption result in sub-
optimal performance. Herein, a Mo,N-MoSe, heterojunction
is prepared on carbon cloth (MNS/CC) to enhance the HER.
The strong electronic interaction between Mo,N and MoSe,,
combined with the lower work function of Mo,N, creates an
intrinsic electric field at the heterojunction interface, which
markedly improves charge transfer efficiency. Additionally,
the optimized electronic structure of Mo sites further en-
hances charge transfer and intrinsically catalytic activity in
HER. As a result, MNS/CC requires overpotentials of mere 65
and 210 mV to achieve current densities of 20 mA cm™2 and
1 A cm ™, respectively, with a Tafel slope of only 96 mV dec™".
Moreover, MNS/CC maintains stable operation at 1 A cm™2
for 240 h without significant degradation. The results offer
insights into the design of non-precious metal-based electro-
catalysts for industrial hydrogen production.

Keywords: water splitting, hydrogen evolution reaction, mo-
lybdenum-based catalyst, heterojunction, electronic interaction

INTRODUCTION

The increasing urgency to address depleting energy resources
and mitigate global climate change caused by fossil fuels has
spurred the development of clean hydrogen energy. The elec-
trocatalytic hydrogen evolution reaction (HER) offers a sus-
tainable and promising approach to hydrogen production [1,2].
However, the commercialization of HER has been constrained
by the intrinsic scarcity and high expense of precious metal
catalysts, including Pt and Pd [3,4]. In this respect, progress has
been made in the exploration of non-noble transition metal
compounds as efficient HER catalysts, including oxides [5-7],
nitrates [8,9], chalcogenides [4,10-12], and carbides [13-15].
Among these, molybdenum diselenide (MoSe,), a prominent
transition metal chalcogenide, has drawn substantial interest due

to its tunable active sites and outstanding stability [16,17].
However, the catalytic efficiency of MoSe, in HER is compro-
mised by excessively strong hydrogen adsorption, limited
exposure to active sites, and its semiconducting characteristics
[18]. To overcome these limitations, heterointerface engineering
has emerged as a promising strategy by activating inert surface
atoms and improving the intrinsic electrocatalytic activity
[19,20].

For instance, Patel et al. [21] have developed MoSe,@WSe, by
liquid exfoliation and electrophoretic deposition. This strategy
increases the exposure of catalytic active sites at the nanocrystal
edges, while the electronic interactions at the MoSe, and WSe,
heterointerface significantly enhance the electrocatalytic activity
for HER. As a result, the system achieves a current density of
10 mA cm™ with an overpotential of 158 mV. Zong et al. [22]
have employed titanium nitride (Ti,NT,) MXene as a two-
dimensional substrate to synthesize nickel-doped MoSe, and
Ti,NT, MXene nanocomposites (Ni-MoSe,/Ti,NT,). This
approach not only increases the exposure of active sites by
preventing MoSe, agglomeration but also optimizes the elec-
tronic structure at the MoSe, and Ti,NT, interface, thereby
enhancing electrocatalytic activity. In an alkaline medium, the
Ni-MoSe,/Ti,NT, catalyst achieves a current density of
10 mA cm™ with an overpotential of 92 mV. Despite the crucial
role of nitride- and selenide-based heterojunctions in modulat-
ing the electronic structure of active Mo sites to optimize Mo-H
bonding during the HER, there remain challenges pertaining to
the design of controllable synthesis strategies, especially in-situ
synthesis of Mo-based nitride and selenide heterojunctions.
Furthermore, the electronic interaction and electrocatalytic
capability of these in-situ generated heterojunctions are not yet
well understood.

Herein, a Mo,N-MoSe, heterojunction was fabricated on
carbon cloth (MNS/CC) via a chemical vapor deposition (CVD)
technique. The heterojunction was formed by selenizing Mo,N,
which was derived from the ammonia nitridation of a MoO;
precursor (Scheme 1). Experimental and theoretical approaches
were employed to investigate the electronic interactions between
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Mo,N and MoSe, at the heterogeneous interface. The lower
work function of Mo,N, in conjunction with MoSe,, establishes
a built-in electric field that facilitates the efficient and sponta-
neous electron transfer from Mo,N to MoSe,. The optimized
electronic structure of Mo sites improves charge transfer and
intrinsic HER activity as well. As a result, MNS/CC has out-
standing electrocatalytic properties, including overpotentials as
low as 65 and 210 mV at current densities of 20 mA cm™ and
1 A cm™>, respectively. The low Tafel slope of 96 mV dec™’
indicates fast catalytic kinetics.

EXPERIMENTAL SECTION

Materials preparation

0.75 g of ammonium molybdate ((NH,),Mo0O,) was dissolved in
deionized water (DW) (10 mL), which was then heated up to
70°C in a water bath and 40 mL of concentrated nitric acid
(HNOs3) was poured in when the temperature was constant. The
pretreated CC (2.5 x 2.5 cm®) was supported in the solution for
0.5 h. Subsequent rinsing of the CC in a slow-flowing DW to
remove surface impurities yielded the MoO;/CC precursor. The
MoO;/CC precursor was subjected to annealing at 700°C in an
ammonia atmosphere for 2 h, resulting in the formation of
Mo,N/CC (designated as MN/CC).

The prepared MN/CC was positioned downstream in the tube
furnace, while 1.00 g of Se powder was placed upstream. The
upstream section was then heated to 450°C in an N,/H, atmo-
sphere (containing 8% H,). The resulting samples obtained at
400 and 600°C were Mo,N-MoSe,/CC (designated as MNS/CC)
and MoSe,/CC (designated as MS/CC), respectively.

Materials characterization

X-ray diffraction (XRD, LabX XRD-6100, Shimadzu) was used
for phase composition determination. The surface morphology
was characterized, and the elemental composition was quantified
using a field emission scanning electron microscope (FE-SEM,
Gemini 300), a transmission electron microscope (TEM, JEOL
JEM-F200), and energy-dispersive X-ray spectroscopy (EDS).
High-resolution TEM (HR-TEM) was employed to identify the
crystal structure and lattice spacing. X-ray photoelectron spec-
troscopy (XPS, Thermo Scientific ESCALAB 250Xi) with
monochromatic Al Ka radiation was employed to analyze the
chemical states of the sample surface. The specific surface area of

nitridation

MoO,/CC

Scheme 1
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the samples was calculated from the N, adsorption-desorption
isotherms through the Branauer-Emmett-Teller (BET) equation
using a micromeritics TriStar II Plus analyzer. The Mo mass
loading of the electrodes was determined by an inductively
coupled plasma spectrometer (ICP, Thermo Scientific iCAP
PRO).

Electrochemical measurement

Electrochemical measurements were performed using a three-
electrode configuration on a CHI 760E electrochemical work-
station (Shanghai CH Instrument, China). A saturated calomel
electrode (SCE) served as the reference electrode, while a gra-
phite rod was used as the counter electrode. The working elec-
trode was a CC modified with the electrocatalyst. All potentials
were calibrated with respect to the reversible hydrogen electrode
(RHE) using the Nernst equation: Ergg = Escg + 0.242 + 0.059 x
pH. The electrolyte employed was 0.5 M H,SO,, with the pH
measured as 0.56 using a pH meter (FE28, Mettler Toledo).
Linear sweep voltammetry (LSV) was conducted at a scanning
rate of 5mV s™' with iR-compensation. The Tafel slope was
calculated according to the formula # = a + blog|j|, where 7
represents the overpotential, a is constant, b is the Tafel slope,
and j is the current density. The electrochemical impedance
spectroscopy (EIS) was performed at an initial potential of
—0.48 V vs. SCE, spanning a frequency range from 100 kHz to
0.1 Hz with a 5mV amplitude. The electrochemically active
surface area (ECSA) was evaluated using cyclic voltammetry
(CV) within a potential range of —0.15 to —0.05 V vs. SCE, with
scan rates varying from 10 to 70 mV s™'. The stability of the
catalyst was evaluated using chronoamperometry (CP), with the
actual H, production quantified using the drainage method.

Density functional theory calculations

Density Functional Theory (DFT) calculations, based on first
principles, were performed using the Generalized Gradient
Approximation (GGA) and the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional, with a cutoff energy of 290 eV.
The structures were optimized until the atomic forces were
below 0.03 eV A™', which was sufficient to avoid interactions
between adjacent structures. The total energy convergence cri-
terion was set to 1.0 x 107 eV per atom. The surface and
adsorbate layers were allowed to relax, while the bottom atoms
were held fixed to eliminate internal stresses within the system.

selenization

MNS/CC

Construction of Mo,N-MoSe, heterojunction on CC for boosting hydrogen evolution.
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A 3 x 2 x 1 k-point grid and a cutoff energy of 300 eV were
employed for all calculations. A 15 A vacuum layer was added to
prevent interactions along the z-direction.

The hydrogen adsorption capability of the catalysts was eval-

uated using the hydrogen adsorption free energy (AGy-) pro-
posed by Norskov et al. [23], a crucial parameter for HER
activity. The structures with H groups adsorbed on Mo,N(111),
MoSe,(002), and Mo,N(111)-MoSe,(002) were constructed and
optimized. The adsorption-free energy was computed using the
following method:
AEyx = Eggab + u%) — Egab) — En, (1)
AGys = AEy + AEspg — TAS, )
where Eg.p, + n+) denotes the total energy of hydrogen adsorbed
on the catalyst surface, AEy+ represents the adsorption energy of
hydrogen, and Ey and E(,p) correspond to the energies of the
isolated hydrogen atom and the clean catalyst, respectively. AGy»
denotes the hydrogen adsorption free energy, AE;py represents
the zero-point energy, AS signifies the entropy change, and T
denotes the temperature, where AE;py — TAS being 0.24 eV
[24,25].

70 °C
[
(NH,),MoO,

HNO,

RESULTS AND DISCUSSION

Morphology and structure

Fig. 1a illustrates the synthesis of the MNS/CC electrocatalyst.
The MoO; nanowire arrays are grown on CC by a wet chemistry
method and subsequent ammonia annealing converts MoQ; into
Mo,N, with NH; being the nitrogen source. A programmed
heating protocol was then employed to introduce Se into Mo,N
to produce mixed phases of Mo,N and MoSe,. The gradual
transition from Mo,N to MoSe, creates a heterointerface com-
posed of Mo,N and MoSe,, which likely modulates the electronic
structure and enhances the electrocatalytic activity.

The FE-SEM images in Fig. 1b, ¢ reveal nanowire arrays
surrounding the carbon fiber scaffold of MoO;/CC. After the
annealing in NH; at 700°C, the nanowire array is preserved, as
shown in Fig. S1. Subsequent introduction of Se powder by
thermal treatments at 400 and 600°C maintains the nanowire
array morphology with negligible deviation from the initial
structure, as demonstrated in Fig. 1d, e and Fig. S2.

The phase composition and crystal structure were analyzed

H, 400 °C

Se Powder

Iriten.«;ityr (a:u.)

a ¥ MoSe, JCPDS No. 77-1715

& Mo,N JCPDS No. 25-1366

MNS/CC

*

Figure 1

40 60 80

(a) Schematic of MNS/CC electrocatalyst preparation; FE-SEM images of (b, ¢) MoO;/CC and (d, e) MNS/CC; (f) XRD patterns of MN/CC,

MS/CC, and MNS/CC; (g) TEM image, (h) HR-TEM image, (i) SAED pattern, and (j) Element maps of Mo, N, and Se of MNS/CC.
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using XRD. The diffraction peaks of the product obtained by the
solution method (Fig. S3) match the (210), (300), (310), (410),
(500), and (218) planes of hexagonal MoO; (JCPDS card No. 21-
0569), confirming the synthesis of pure phase MoOs. The XRD
pattern after ammonia annealing at 700°C shows peaks at 37.4°,
43.5° 63.1° 75.7°, and 79.7°, corresponding to the (111), (200),
(220), (311), and (222) planes of cubic Mo,N (JCPDS card No.
25-1366), respectively, as shown in Fig. 1f (green line). After
introducing Se into Mo,N via heating at 400°C, additional peaks
at 13.7°, 31.4°, 37.8°, 53.3° and 55.9° corresponding to the (002),
(100), (103), (106), and (110) planes of hexagonal MoSe, (JCPDS
card No. 77-1715), respectively, are shown in Fig. 1f (red line).
This confirms the successful synthesis of a mixed-phase com-
posite comprising Mo,N and MoSe,. However, at an annealing
temperature of 600°C with Se powder, the Mo,N diffraction
peaks disappear, leaving only the peaks of MoSe,, as shown in
Fig. 1f (blue line). This demonstrates that the formation of
MoSe, involves the in-situ phase transition from Mo,N to
MoSe,, resulting in the presence of both phases.

The TEM image discloses the nanowire morphology of MNS,
as shown in Fig. 1g, which facilitates charge transfer and exposes
a larger surface area for electrocatalytic reactions. As shown in
Fig. 1h, the lattice spacings, obtained from HR-TEM images, are
0.240 and 0.631 nm, corresponding to the (111) plane of Mo,N
and the (002) plane of MoSe,, respectively. These Mo,N(111)
and MoSe,(002) planes are misaligned, thus creating a distinct
heterogeneous interface between them, as indicated by the

dotted line and suggesting the formation of a Mo,N-MoSe,
heterointerface after the selenization of Mo,N. The hetero-
interface induces electronic interactions between the phases,
resulting in a built-in electric field that accelerates the kinetics of
electrocatalytic reactions. Furthermore, it modifies the electronic
structure of molybdenum atoms, thereby activating the intrinsic
electrocatalytic capability. The selected-area electron diffraction
(SAED) image in Fig. 1i provides evidence of the presence of
Mo,N and MoSe,, consistent with HR-TEM and XRD. The
elemental mappings of MNS, shown in Fig. 1j, reveal the uni-
form distribution of Mo, N, and Se within the nanowires. The
BET surface area analysis in Fig. S4 indicates the similar specific
surface area of the catalysts.

The chemical state of the heterointerface was determined
using XPS. The surface survey spectra in Fig. 2a exhibit distinct
peaks corresponding to Mo, N, and Se elements in MNS/CC. No
nitrogen signal is detected from MS/CC after annealing at 600°C
with a Se source, indicating the complete conversion of Mo,N to
MoSe,. The Mo-3d spectra in Fig. 2b display peaks corre-
sponding to Mo-3ds, and Mo-3d;, of the Mo-Se species at
approximately 229.3 and 232.4 eV, respectively, while the peaks
at 228.5 and 231.6 eV correspond to Mo-3ds/, and Mo-3d;, of
Mo-N species [26,27]. The peak at 230.6 eV corresponds to Se-
3s [28]. The ratio of Mo-N/Mo-Se of MNS/CC is calculated to
be 0.16. In MNS/CC, the binding energy of the Mo-Se bond
decreases by 0.25 eV compared to pure-phase MS/CC, while the
Mo-N bond’s binding energy increases by 0.29 eV relative to
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Figure 2 (a) XPS survey spectra and a magnified view within the 380-415 eV range. (b) High-resolution Mo-3d XPS spectra of MN/CC, MNS/CC, and MS/
CC, respectively. (c) Schematic diagram of electron transfer at the interface with Ey and E,,. denoting the Fermi level and vacuum level, respectively. High-
resolution XPS spectra of MN/CC, MNS/CC, and MS/CC: (d) N-1s and (e) Se-3d.
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pure-phase  MN/CC. These observations suggest electronic
reconstruction at the Mo,N-MoSe, heterointerface, where
electrons are transferred from Mo,N to MoSe,.

To study electron transfer between Mo,N and MoSe, at the
Mo,N-MoSe, heterointerface, the energy diagrams of Mo,N,
MoSe,, and Mo,N-MoSe, are calculated and presented in Fig. 2¢
and Fig. S5. The work function of Mo,N-MoSe, is 4.102 eV,
while Mo,N and MoSe, are 3.726 and 4.809 eV, respectively,
implying that electrons move spontaneously from Mo,N to
MoSe, at the heterointerface [29-31], with is consistent with
XPS. Furthermore, the difference in work functions generates a
built-in electric field, which facilitates charge transfer and
accelerates the catalytic kinetics [32]. The N-1s spectra in Fig. 2d
reveal that both MN/CC and MNS/CC exhibit a peak at
398.1 eV, indicating the presence of N-Mo bonds and con-
firming their association with Mo,N [33]. In Fig. 2e, the Se-3d
spectra of MNS/CC and MS/CC show binding energies of 55.6
and 54.7 eV, corresponding to the 3ds, and 3d;, states of
MoSe,, respectively [34].

Electrochemical evaluation

The HER properties are assessed in a 0.5 M H,SO, using a three-
electrode system. All potentials were iR-corrected unless other-
wise specified to describe the intrinsically catalytic activity of the
catalysts. Fig. 3a shows that the LSV curves demonstrate the
exceptional performance of MNS/CC, including a current den-

sity of 20 mA cm™ with a low overpotential of 65 mV, which
surpasses MN/CC (192 mV), MS/CC (181 mV), and bare CC
(517 mV), and approaches the overpotential of the commercial
Pt/C catalyst (57 mV). MNS/CC exhibits a rapid increase in
current density with applied potentials, achieving a current
density of 1 A cm™ with an overpotential of only 210 mV. This
exceptional catalytic activity surpasses the performance of pure-
phase MN/CC (703 mV) and MS/CC (912 mV), as shown in
Fig. 3b. The LSV curves without iR compensation in Fig. S6
indicate the promising potential of the MNS/CC electrocatalyst
for practical applications. The Tafel slope of MNS/CC is
96 mV dec”’, which is lower than that of MN/CC
(139 mV dec™), MS/CC (106 mV dec”!), and bare CC
(317 mV dec™'), and is comparable to the commercial Pt/C
catalyst (71 mV dec™"), as shown in Fig. 3c. The small Tafel slope
indicates that MNS/CC exhibits enhanced HER kinetics [35].
The ECSA is used to assess the intrinsic activity of electro-
catalysts. ECSA is determined from the double-layer capacitance
(Cq) derived from CV curves in the non-Faradic region, as
shown in Fig. S7. Among all the catalysts, MNS/CC exhibits the
highest Cy of 336 mF cm™ (Fig. 3d), indicating a significantly
larger ECSA for HER and a greater number of exposed active
sites [36]. The ECSA-normalized LSV curves in Fig. 3e further
illustrate the exceptional intrinsic electrocatalytic capability of
MNS/CC compared to the pure phase MN/CC and MS/CC
catalysts. The mass activity was calculated based on Mo mass
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Figure 3 HER properties of the catalysts in 0.5 M H,SO,. (a) LSV curves with iR compensation. (b) Overpotentials for current densities of 20, 100, and
1 A cm™ (c) Tafel plot. (d) ECSA. (e) ECSA normalized LSV curves. (f) TOF. (g) EIS. (h) Comparison of the overpotential required for MNS/CC at a current
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loading on the electrode, which was determined by ICP, as
shown in Table S1. As shown in Fig. S8, Mo,N/CC, MNS/CC,
and MoSe,/CC required overpotentials of 576, 198, and 702 mV,
respectively, to achieve a current density of 100 mA mgy, .
These results indicate that MNS/CC exhibits superior HER
catalytic performance. The intrinsic activity of the electro-
catalysts for HER is also assessed using turnover frequency
(TOF), defined as the turnover rate per active site for HER,
which effectively normalizes the catalytic activity for different
catalyst [36]. As shown in Fig. 3f, at an overpotential of 200 mV,
the TOF value of MNS/CC (0.79s™') exceeds that of pure
MN/CC (0.01 s7") and MS/CC (0.43s™") catalysts. The larger
TOF is attributed to the Mo,N-MoSe, heterointerface, which
modifies the electronic structure and generates an internal
electric field, facilitating rapid charge transfer and enhancing
HER.

The Nyquist plots are derived to determine the charge transfer
resistance (R.) during HER, with a smaller radius indicating
lower R.. Fig. 3g and Fig. S9 reveal that MNS/CC has a notably
lower R, suggesting rapid charge transfer, which aligns with the
observed smaller Tafel slope. The HER properties, particularly
the overpotential required to achieve a current density of
1 A cm™, of MNS/CC are compared with other reported tran-
sition metal-based nitrides, selenides, phosphides, sulfides, etc.,
including Te-WSe, (225 mV) [37], MoS,/Mo,C (227 mV) [38],
Ni;P,@Cu foam (~230mV) [39], Cu-m/Cu-w/NiCo-LDH
(246 mV) [40], 2H-Nb; 35S, (370 mV) [41], Co/Se-MoS,-NF

(382mV) [42], MoS,/graphene (250 mV) [43], Ru/WC
(310 mV) [44], Fe,CoggSeyr/g-CsN, (317 mV) [45], a-MoB,
(334 mV) [46], WC-N/W-1200 (420 mV) [47], Ni@NCW-2.0
(401 mV) [48], HC-MoS,/Mo,C (412mV) [49], Co-N-C
(343mV) [50], MoS/CNF (450 mV) [51], NiP-CuP,
(~500 mV) [52], Pd,S/Pd;Pyes (538 mV) [53], Co/NC-HP@Si-
NWs (615mV) [54], Co-Co,P@NPC/rGO (900 mV) [55],
Rh/Si-NWs (950 mV) [56], and 40.0 wt% Pt/C (1120 mV) [38],
as shown in Fig. 3h and Table S2. This comparison highlights
the superior intrinsic HER activity of MNS/CC.

The stability is a crucial factor in practice, and MNS/CC is
assessed at a constant current density of 1 A cm™ (Fig. 4a). Even
after 240 h of continuous operation, the potential remained
stable with no noticeable change. In addition, the LSV curves
before and after the stability test in Fig. 4b reveal consistent
behavior, confirming the excellent HER stability of MNS/CC.
Additionally, a comparative analysis of the LSV curves before
and after multiple CV tests reveals a strong consistency, as
illustrated in Fig. S10. The morphology, structure, and chemical
state of MNS/CC after the stability test are investigated. The FE-
SEM images indicate that the nanowire array remains intact
without showing detachment (Fig. 4c and Fig. S11). The XRD
pattern of MNS/CC in Fig. 4d reveals both Mo,N and MoSe,
phases similar to the pristine sample. The high-resolution XPS
Mo-3d spectrum of MNS/CC after the stability test is compar-
able to that of the original sample, with Mo-N/Mo-Se ratios
around 0.16, as shown in Fig. 4e. These results confirm the long-
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Figure 4 (a) Stability test of MNS/CC. (b) LSV curves before and after the stability test. (c) FE-SEM image, (d) XRD pattern, and (e) high-resolution Mo-3d
XPS spectrum of MNS/CC after the long-term test. (f) Photograph of the H, production system using the water displacement method. (g) Experimental and
theoretical volumes of H, produced and FE by MNS/CC at a current of 100 mA.
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term durability of MNS/CC in acidic HER. The water dis-
placement method, as illustrated in Fig. 4f, is used to determine
the volume of hydrogen produced and the Faradic efficiency
(FE) of MNS/CC during HER. A total of 53.0 mL of H, was
produced within 70 min at a constant current of 100 mA, as
shown in Fig. 4g. The hydrogen yield is calculated to be
1.865 mmol h™". FE represents the electron utilization efficiency
of the catalyst and is a crucial indicator of commercial viability.
The FE for hydrogen production is calculated to be 99.6%
(Fig. 4g), indicative of an extremely high energy conversion
efficiency.

DFT calculations

To elucidate the mechanism behind the catalytic activity
enhancement of the Mo,N-MoSe, heterointerface in HER, DFT
calculations are performed. The models of Mo,N(111), MoSe,
(002), and the Mo,N(111)-MoSe,(002) heterointerface are
constructed based on the HR-TEM and XRD results, as shown
in Fig. S12. At the Mo,N-MoSe, heterointerface, hydrogen
adsorbs onto the Mo sites of both Mo,N (H-MN@MNS) and
MoSe, (H-MS@MNS), as shown in Fig. 5a, b. On the pure
surfaces of Mo,N and MoSe,, hydrogen atoms adsorb onto the
Mo sites labelled as H-MN and H-MS, respectively, as shown in
Fig. 5¢, d. The calculated band structures of Mo,N, MoSe,, and
Mo,N-MoSe, heterointerface in Fig. S13a-c reveal that the

Mo,N-MoSe, heterointerface has metallic properties, suggesting
exceptional charge transfer efficiency in HER. The d-band cen-
ters of the models in Fig. 5e shows that the d-band centers of the
Mo,N-MoSe, heterointerface are located at —3.76 eV, which is
significantly lower than those of pure Mo,N (—3.51eV) and
MoSe, (—2.27 €V). This downshift of the d-band center at the
Mo,N-MoSe, heterointerface enhances the antibonding orbital,
weakens H adsorption at the heterointerface, and expedites the
release of hydrogen product [57,58]. As a result, the HER cat-
alytic activity is enhanced.

The key parameter for predicting the HER activity of an
electrocatalyst is the free energy of hydrogen adsorption (AGys+),
with AGy+ close to zero indicating a highly desirable electro-
catalyst. Fig. 5f shows that both H-MN@MNS (—-0.19 eV) and
H-MS@MNS (—0.11 eV) have AGy+ closer to zero than H-MN
(—0.67 eV) and H-MS (—0.69 eV), suggesting that the Mo,N-
MoSe, heterointerface surface reduces Mo-H binding and thus
accelerates hydrogen release. Furthermore, AGy: of H-
MN@MNS (—0.19 eV) is sparser than zero than that of H-
MS@MNS (—0.11 eV), indicating that the Mo sites in the MoSe,
phase at the Mo,N-MoSe, heterointerface are particularly
effective in promoting HER by facilitating hydrogen release, thus
serving as the active centers for HER.

Further insight into the catalytic mechanism of MNS/CC was
gained by analyzing the projected density of states (PDOS) of
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Mo,N, MoSe, and Mo,N-MoSe, heterogeneous surfaces.
Fig. 5g-i reveals that the Mo,N-MoSe, heterointerface exhibits
enhanced hybridization between Mo-3d and N-2p orbitals at the
Fermi level compared to the pure Mo,N. Notably, the
strengthened coupling between N-2p and Mo-3d at the Mo,N-
MoSe, heterointerface near the Fermi level produces strong
electronic interactions to modulate the electronic configuration
of the active sites. Additionally, the Mo-3d orbitals in the Mo,N-
MoSe, heterointerface shift towards the Fermi level, indicating
efficient p-d electron transfer from the Se-4p orbitals to Mo-3d
orbitals and strong electronic interactions between these two
orbitals. The Mo,N-MoSe, heterointerface exhibits more con-
tinuous and dense energy bands near the Fermi level than pure
MoSe,. These findings suggest improved intrinsic electro-
catalytic capability and fast charge transfer at the Mo,N-MoSe,
heterointerface during HER.

CONCLUSIONS

A heterointerface comprised of Mo,N and MoSe, is fabricated
on carbon cloth by employing a two-step CVD technique, using
MoO;/CC as the precursor. Strong electronic interactions are
observed between Mo,N and MoSe, at the heterointerface. The
lower work function of Mo,N facilitates electron transfer from
Mo,N to MoSe,, generating a built-in electric field that greatly
enhances the charge transfer efficiency. Furthermore, the
hybridization between N-2p/Se-4p and Mo-3d orbitals enhances
charge transfer and the intrinsic electrocatalytic activity of MNS/
CC in HER. As a result, MNS/CC demonstrates remarkable
electrocatalytic performance, characterized by overpotentials of
65mV at a current density of 20 mA cm™> and 210 mV at
1 A cm™, respectively, a Tafel slope of 96 mV dec™" indicative of
efficient catalytic kinetics, and exceptional stability, as evidenced
by continuous operation for 240h at a current density of
1 A cm ™~ with negligible degradation. The catalyst demonstrates
a notable hydrogen production yield of 1.865 mmol h™", coupled
with an exceptional Faraday efficiency of 99.6%. This study
proposes an effective approach to designing Mo-based hetero-
structures for HER and sheds light on the advancement of non-
precious metal electrocatalysts for industrial hydrogen produc-
tion.
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Supplementary note: TOF calculation
The TOF values are calculated according to the method reported by Jaramillo‘s

group. The per-site TOF is calculated by the following equation:

No. of total hydrogen turnovers/cm?

TOF =

No. of active of sites/cm?
The total number of hydrogen turnovers is calculated from the current density as

shown in the following:

Number of H, =
mA 1Cs?t 1mole !\ /1 mol H,\ /6.022x10%23H, mulecules
per—; - =3.12x
cm?/ \1000 mA/ \96485.3 C/ \2mole~1 1 mol H,
qots Hes
cm? ’

The active sites per real surface area are calculated by the following formula:

2
No.of atoms/unit cell)§

Number of active sites = ( -
Volunme/unit cell

The number of active sites of MoSe,-Mo,N/CC is derived as follows:

2

)EXXXECSA+

No.of atoms/unit cell

Number of active sites X ECSA = (

Volume/unit cell

2

)Eny ECSA

(No.of atoms/unit cell
Volume/unit cell

where x and y are the molar ratios of MoSe, and Mo,N on the surface of the
MoSe,-Mo,N/CC electrodes, respectively.

The unit cell of Mo contains two atoms with a volume of 31.1 A3, while MoSe,
contains one Mo atom and two Se atom with a volume of 121.1A° and Mo,N contains
two Mo atoms and one N atom with a volume of 72.2 A®. The phase ratio of MoSe,
to MoyN is determined by the XPS quantitative analysis using XPSPEAK. MCN
contains 86.2% MoC and 13.8% Mo,N.
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No. of active sites (Mo,N) = 1.2 x 10'° atoms cm 2
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where x = 86.2% and y = 13.8%.



Figure S1. (a-b) SEM images of MN/CC.
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Figure S2. (a-b) SEM images of MS/CC.
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Figure S3. XRD pattern of MoO;/CC.
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Figure S4. N, adsorption-desorption isotherms for Mo,N/CC, MoSe,/CC, and

MNS/CC.
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Figure S5. Scheme of the work function for Mo,N-MoSe,, where Er and Ey,

represent the Fermi level and vacuum level, respectively.
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Figure S7. CV curves of (a) MN/CC, (b) MS/CC, and (¢c) MNS/CC.
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Table S1. The concentrations and contents of Mo in Mo,N/CC, Mo,N-MoSe,/CC,

and MoSe,/CC were quantified through ICP analysis.

Mo,N/CC Mo,N-Mo,Se/CC MoSe,/CC
Mo content (mg g) 3.50 3.55 3.60
Mo mass loading
2.800 2.840 2.880

(mg cm™)
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Figure S8. Mass activity of Mo,N/CC, MNS/CC, and MoSe,/CC based on Mo mass

loading.
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Figure S9. (a) EIS spectra of CC and MNS/CC; (b) An enlarged view of the

selected region.
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Figure S10. Comparison of LSV curves before and after cyclic voltammetry test.
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Figure S11. SEM image of MNS/CC after the long-term test.
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Figure S12. Top and side views of (a-b) MNS, (c-d) Mo,N, and (e-f) MoSe;

models.
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Figure S13. Band structures of (a) Mo;N, (b) MoSe,, and (c) Mo,N-MoSe;.
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Table S2. HER characteristics of different electrocatalysts in 0.5M H,SOs,.

Catalysts N1000 [MV] Refs.
Te-WSe; 225 [1]
MoS,/Mo,C 227 [2]
NisP4@Cu foam ~230 (3]
Cu-m/Cu-w/NiCo-LDH 246 [4]
MoS,/graphete 250 [5]
Rw/WC 310 [6]
Fep2CopsSer/g-C3Ny 317 [7]
a-MoB; 334 [8]
Co-N-C 343 [9]
CoMoP@C 545 [10]
Co/Se-MoS,-NF 382 [11]
Ni@NCW-2.0 401 [12]
HC-MoS,/Mo,C 412 [13]
WC-N/W-1200 420 [14]
MoS,/CNF 450 [15]
Ni,P-CuP; ~500 [16]
Pd4S/Pd;Py 95 538 [17]
Co/NC-HP@Si-NWs 615 [18]
Co-Co,P@NPC/rGO 900 [19]
Rh/Si-NWs 950 [20]
40.0 wt% Pt/C 1120 [2]

MNS/CC 226 This work
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